Using a combination of reverse transcriptase polymerase chain reaction to detect specific mRNA and immunohistochemistry employing antibodies that recognize two different epitopes for each molecule, the local production of oxytocin (OT) and its cognate receptor was investigated in the male marmoset monkey (Callithrix jacchus). There was synthesis of both OT and the oxytocin receptor (OTR) within the testis, and both were markedly expressed within the Leydig cells. A weak staining for both OT and its associated neurophysin could also be detected in Sertoli cells in some animals. Expression of OT or neurophysin does not appear to be significant in the epididymis, though there appears to be synthesis of the receptor in some peritubular muscle cells of the epididymis and in the vas deferens. Within the prostate, there appears to be no production of OT or neurophysin, though there appears to be weak expression of the OTR in the basal layers of the secretory epithelium. Similarly in the bulbourethral gland, only OTR immunoreactivity could be detected. Receptors appear to be present in the myoid cells encompassing the glandular lobules and are presumably able to respond to systemic OT. An analysis of juvenile marmosets indicates that the testicular OT system appears to become established during puberty. Thus, in this New World monkey the testis is able to support a local OT-based paracrine-type system, though the prostate and bulbourethral gland are probably only able to respond to exogenous OT.
INTRODUCTION
The nonapeptide hormone oxytocin (OT) is implicated in most acute reproductive functions. These include such diverse aspects as control of uterine contraction at birth, the milk letdown reflex, luteolysis, ejaculation in the male, and, within the central nervous system, the modulation of sexual and affiliative behavior [1] . Whereas some of these functions can be clearly attributed to the synthesis and release of OT from its classical site of production in the magnocellular neurones of the hypothalamo-hypophyseal system, other functions appear to depend on production of OT in peripheral tissues and the involvement of local paracrine or autocrine hormone-receptor interactions. In recent years much research has concentrated on local oxytocinergic systems within the female mammal, in particular within the ovary (e.g., [2] [3] [4] [5] [6] [7] ) and uterus [8, 9] . Earlier studies also implied a role for OT in male reproductive physiology, for example in relation to ejaculation [10] [11] [12] , and suggested that OT-like immunoreactivity was present in seminal fluid [13] . Nicholson and colleagues [14] have demonstrated for the rat that there is local production of OT within the testis, Accepted September 17, 1 996. Received July 17, 1996 . 'This study was generously supported by the Deutsche Forschungsgemeinschaft (grants Ei333/2-1 and v7/5-1).
2Correspondence: Almuth Einspanier, Department of Reproductive Biology, German Primate Centre, Kellnerweg 4, 37077 Gttingen, Germany. FAX: 49 551 3851288; e-mail: aeinspa@gwdg.de and that in the rat this may be involved in the local control of androgen production [15, 16] and possibly contraction of seminiferous tubules [17, 18] . To distinguish the existence of a true paracrine or autocrine system from nonspecific evidence resulting, for example, from cross-reactivity of antibodies for morphologically similar epitopes, or from sequestration of hormone from the circulation, it is essential to demonstrate real local synthesis. Furthermore, there should be receptor molecules in the immediate neighborhood that are likely to react to the prevailing local hormone concentrations. Secondly, for some peripherally expressed peptide hormones, there appears to be a high degree of species specificity in that expression. So, for example, the OT gene appears to be highly up-regulated in the human [8] and rat [9] uterus during pregnancy but not in the cow [19] . Similarly, vasopressin mRNA is detectable in the rat testis but not in the testes of other species [20] . If a local hormone system is going to be of general physiological relevance, then theoretically one would expect to find a similar pattern of expression in several different species.
Using different mutually corroborating but independent techniques, the present study set out to examine the expression of OT and its cognate receptor in the testis and male reproductive tract of a New World monkey, the common marmoset (Callithrix jacchus). By thus mapping the pattern of expression for the essential components of the OT system in male reproductive tissues, the study is intended to provide a solid basis for a discussion of OT physiology in the male-especially in the primate-and, through comparison with the data available from other species, to determine the importance of this system in the general male physiology of all mammals, including the human.
MATERIALS AND METHODS

Tissues and RNA Preparation
Testes, epididymides, vasa deferentia, seminal vesicles, prostate, and bulbourethral glands, as well as control tissues such as liver, spleen, and skeletal muscle, were obtained at autopsy from six adult (> 18 mo) male marmoset monkeys derived from a captive colony in the German Primate Centre, Gottingen. The testes and epididymides from eight juvenile marmosets were also studied. The juvenile marmosets were divided into four groups of two animals each (0-2 mo, 3-6 mo, 7-12 mo, and 13-18 mo). The monkeys were killed with a halothan overdose according to local regulations as part of a management procedure and were in good health. The adult males all exhibited full testicular spermatogenesis. Tissues were dissected immediately after death and were either frozen in liquid nitrogen or fixed in Bouin's solution prior to embedding for immunohistochemistry. RNA was prepared from small aliquots of most of the frozen tissues from adult marmosets essentially according to the method of Chomczynski and Sacchi [21] .
Assessment of RNA by Reverse Transcriptase Polymerase Chain Reaction (RT-PCR)
In preliminary experiments, RT-PCR was applied to samples of luteal RNA that had been collected in the context of a previous study [7] . These preliminary experiments utilized forward and reverse primers specific for the OT gene product that had been successfully applied to detect OT gene transcripts from human and baboon luteal samples [22] . To detect marmoset oxytocin receptor (OTR) mRNA, oligonucleotides were designed from the published human OTR cDNA sequence [23] . As forward primer, a sequence encoding the extreme N-terminus of the human proteincoding region was chosen (5'-ATGGAGGGCCGGC-TCGCAGCCAAC-3'); as reverse primer an oligonucleotide (5'-AAGAAGAAAGGCGTCCAGCACACGA-3') corresponding to part of the seventh transmembrane domain was used. PCR was performed using a touchdown program with the annealing temperature changing in 2°C steps from 69°C to 61 0 C, and with denaturing and elongation temperatures set at 95°C and 72°C throughout. Thirty cycles of PCR were carried out, with 1 min at each temperature. With marmoset luteal RNA as template, specific PCR products were obtained for both the OT and OTR genes, with sizes of 310 and 878 base pairs (bp), respectively. These were cloned into pCR-II plasmids (TA Cloning Kit; Invitrogen, San Diego, CA) and subjected to double-stranded DNA sequencing. The sequences were confirmed from at least two independent PCR reactions. These sequences have been entered into the EMBL/GenBank database (accession numbers X99222 and X99223, respectively).
Based on the marmoset cDNA sequence for the OT gene product, new species-specific oligonucleotide primers were designed to provide optimal RT-PCR products. For OT mRNA, these were 5'-GCTACATCCAGAACTGTCCCC-3' (forward) and 5'-CGACGTGGAAGCCGTCCGG-3' (reverse), yielding a product of 290 bp, which included the splice junctions for introns 1 and 2 and which could be detected following Southern hybridization with an internal oligonucleotide (5'-TAGGCTGCTTCGTGGGCACGGCC-GAGGCGCTGCGCTGCCA-3') end-labeled by T4 polynucleotide kinase and [y 32 P]ATP (Amersham-Buchler, Braunschweig, Germany). For OTR mRNA, the humanbased primers specified above were found to be satisfactory. The OTR-specific PCR products were visualized by Southern hybridization using a 370-bp internal restriction fragment excised from the cloned marmoset OTR PCR product described above, using the enzymes Apa I and Xho I, and were radiolabeled by random priming [24] in the presence of [32P]dCTP (Amersham-Buchler). Conditions for the PCR reactions were exactly as described above except that for the new OT-specific PCR reaction the touchdown was from 65°C to 55 0 C. As controls to assess the quality of the RNA templates, parallel RT-PCR reactions were performed to measure the levels of RNA for the householding enzyme glyceraldehyde phosphate dehydrogenase (GAPDH), using specific primer combinations as follows: forward primer, 5'-TGATGACATCAAGAAC-GTGG-3'dp, and reverse primer, 3'dp-TTTCTTACTCT-TGGAGGCC-3'. PCR was carried out for 30 cycles using the 65-55°C touchdown program as indicated above. The 246-bp product was blotted and hybridized to an internal end-labeled oligonucleotide with the sequence 5'-CCT-TTCGATGCTGGGGCTGGCATTGC-3' that was designed from the cloned bovine GAPDH cDNA sequence (unpublished) and that cross-reacts in all species so far tested. 
Immunohistochemistry
OT is synthesized as a precursor polypeptide that also includes a 93 amino acid neurophysin moiety. In order to demonstrate true local synthesis, various discrete epitopes derived from the common precursor were studied using specific antibodies. OT was detected using a highly specific, C-terminal amide-dependent rabbit polyclonal antibody (diluted 1:250 and 1:500; courtesy of Prof. D. Schams, Freising-Weihenstephan, Germany). Neurophysin epitopes were assessed using two different polyclonal antibodies (A 5 IV and C 16 ; both diluted 1:1000) raised in rabbits against human neurophysin I (courtesy of Prof. J.J. Legros, Liege, Belgium). The OTR was detected using two different antibodies recognizing discrete peptide epitopes. Mouse monoclonal 2F8 (diluted 1:500) was raised against amino acids 20-40 of the extracellular N-terminal human OTR sequence [25] (courtesy of Dr. T. Kimura, Osaka, Japan), and the rabbit polyclonal antiserum JV3580 (diluted 1: 3000) was raised against the amino acid sequence -WQNLRLKTAAA-in the third intracellular loop of the rat OTR [26] (courtesy of Dr. F Van Leeuwen, Amsterdam, Netherlands, and Dr. J. Verbalis, Washington, DC). As shown by a comparison of the immunogenic epitopes used to raise the antibodies with the corresponding marmoset sequences deduced from the cloned cDNA, there was very high conservation of the peptide sequences for both antibodies. All antibodies were diluted in PBS buffer.
Immunohistochemistry was performed on both frozen and paraffin-embedded, Bouin's-fixed tissues. Cryostat sections (7 pIm) were thawed at room temperature for 1 h and postfixed in 4% paraformaldehyde for 10 min. Paraffin sections (3-4 txm) were dewaxed in xylol for 6 min, followed by decreasing concentrations of ethanol. For both types of 
2 + prepared at a concentration of 9.55 g/L, pH 7.5), incubated for 30 min at room temperature in 0.3% (v:v) H 2 0 2 , rinsed again in PBS, and then blocked for 30 min in 10:1 or 100:1 diluted normal human serum for OT and OTR, respectively. A similar blocking effect was seen with the use of goat serum. After washing again in PBS, sections were incubated with the primary antiserum, diluted as indicated in PBSA (PBS plus 0.5% BSA [Sigma, Deisenhofen, Germany]), overnight at 4 0 C; they were then rinsed in PBS and reacted with the second biotinylated antibody (either biotinylated goat anti-rabbit IgG or biotinylated horse anti-mouse IgG [Vector Laboratories, Burlingame, CA]) at a concentration of 5 pug/ml in PBSA for 30 min at room temperature. After being washed briefly in PBS, sections were incubated for 45 min at room temperature in the ABC complex reagent (10 pil avidin plus 10 1 biotinylated horseradish peroxidase in 1 ml PBS; Vector Laboratories); after brief rinsing in PBS they were incubated in the AEC (3-amino-9-ethylcarbazol) substrate solution (300 iP1 of a 4 mg/ml solution of AEC in N,N-dimethylformamide plus 20 jpl 30% H 2 0 2 in 6 ml 5 mM sodium acetate, pH 4.9). When sufficient staining had occurred, the chromogenic reaction was stopped by washing the slides for 2 min in H 2 0. Sections were counterstained in Meyer's hematoxylin and mounted in Kaiser's glycerine-gelatin medium. Some sections were alternatively treated with biotinylated goat antirabbit IgG or goat anti-mouse IgG (Dakopatts, Hamburg, Germany) as second antibody. As alternative chromogen for some sections, 0.1% diaminobenzidine tetrahydrochloride in 0.1 M Tris-HCl (pH 7.2) containing 0.02% (v:v) H 2 0 2 was also used.
As negative controls for OT and neurophysin immunoreactivity, either the reactions were either supplemented with 0.5, 2, or 10 pLg of the peptide antigen (OT), or the primary antisera were omitted or replaced by an equivalent amount of pure IgG (Dakopatts). For the OTR monoclonal antibody, either 0.5, 2, or 10 ,ug of the peptide used as immunogen was added, or the primary antibody was replaced by an equivalent amount of pure IgM (Dakopatts). For the polyclonal OTR antisera, the primary antibodies were omitted or were replaced by pure IgG as above.
RESULTS
Detection of OT and OTR Gene Transcripts
Employing a specific RT-PCR assay, in which specificity was confirmed by hybridization with a gene-specific internal oligonucleotide, OT mRNA was detected consistently at moderate levels in testes from all three adult male marmoset monkeys analyzed (Fig. 1, upper panel) . Additionally, it could be detected weakly in only one of two epididymides (from different males). A weak signal was also detected in the sample of liver used as control. However, OT mRNA could not be detected in vas deferens or prostate or in the control tissues, spleen and muscle.
OTR gene transcripts were detected as strong signals in all three testis samples examined (Fig. 1, middle panel) . There were also positive signals in the vas deferens, prostate, and both epididymal samples tested. A weak signal was detected in the spleen, but not in the control tissues, liver and muscle. The PCR products derived from testicular RNA were additionally subcloned and partially sequenced to confirm the identities of the OT and OTR gene transcripts (not shown). All samples provided consistent, positive signals for GAPDH mRNA, demonstrating the equivalent quality of the reverse transcription reactions.
Immunohistochemical Detection of OT and Neurophysin
Within the testis from all six adult animals, irrespective of whether sections were embedded in paraffin or frozen, there was moderately strong staining in almost all interstitial Leydig cells for both OT (Fig. 2g) and neurophysin (Fig. 2f) using relatively high dilutions of antibodies (anti-OT, 1:250 and 1:500; anti-neurophysin, 1:1000). At these antibody concentrations, remaining testicular structures were mostly immunonegative. However, at the higher antibody concentrations, very weak staining was also evident in some Sertoli cells (e.g., Fig. 2, f and g, arrowheads) . Assessment of the juvenile testes showed that with one exception, all juveniles were negative for both OT and neurophysin (Fig. 2, b and c) . The exception, a juvenile approximately 12 mo old, appeared to exhibit a mature spermatogenic profile, like the two animals in the oldest juvenile group (13-18 mo) . This 12-mo-old juvenile showed weak positive staining for both OT and neurophysin epitopes in Leydig cells only.
The epididymides (Fig. 2j ), vas deferens (not shown), seminal vesicles (Fig. 3, b and c) , prostate (Fig. 3, g and  h) , and bulbourethral glands (Fig. 3, 1 and m) were completely negative for both neurophysin and OT in all animals, both adults and juveniles, and at all concentrations of antibodies applied.
Immunohistochemical Detection of the OTR
The two anti-OTR antibodies used showed identical patterns of immunostaining. Within the adult testis, only the Leydig cells showed a positive reaction (Fig. 2h) . In the juvenile testes the distribution of OTR immunoreactivity followed that for OT, with no staining in testis from the younger animals (< 6 mo) and with positive staining in two of the four older juveniles (approximately 10 and 15 mo) exclusively in the Leydig cells (Fig. 2d) . For both juveniles that showed positive staining, spermatogenesis indicated a relatively advanced stage of puberty in contrast to the remaining 15-mo-old juvenile, which showed no staining. Spermatogenesis in this animal appeared to be retarded.
The epididymis indicated weak OTR-specific staining in myoid cells in two of three adult animals (e.g., Fig. 2o ), as also in the vas deferens (not shown). The seminal vesicles were generally negative for OTR immunoreactivity (Fig. 3d) . Within the adult prostate (Fig. 3, i and j) , there appeared to be weak immunostaining in some cells apposed to the basal part of the glandular epithelium, as well as very sporadic immunostaining in one animal in some epithelial cells also (Fig. 3e) . Moderately strong staining for OTR was observed in the myoid cells encompassing the basal regions of the glandular lobules within the bulbourethral gland (Fig. 3, n  and o) , whereas in this tissue, as in the prostate, epithelial and other stromal cells appeared to be negative.
DISCUSSION
The RT-PCR analysis confirmed the expression of both OT and OTR gene transcripts in the testis. These findings support earlier observations of OT mRNA in rat, human, porcine, and bovine testes [20, 27] . For the remaining marmoset tissues of the male tract that were studied, results were less consistent. In particular, OT mRNA could be detected weakly in only one epididymis and not at all in the prostate. OTR mRNA, while showing strongest signals in the testis, was also weakly expressed in epididymides, prostate, and vas deferens. It was not possible to obtain RNA from the bulbourethral gland. Though clearly not comprehensive, these results at the RNA level serve to confirm the specificity of the immunohistochemical analysis identifying the protein products of the OT and OTR genes in the individual tissues.
The major source of OT within the testis appears to be the Leydig cells. The coincident finding of both OT and neurophysin immunoreactivity is evidence for the local synthesis of the complete precursor molecule. Although the anti-neurophysin antibodies were raised against complete oxytocin-associated neurophysin molecules, they could also in theory cross-react with vasopressin-associated neurophysin. However, except in the rat, vasopressin mRNA cannot be identified using a sensitive RT-PCR assay in the testes from a range of mammalian species, including the human [20] . Furthermore, immunohistochemistry failed to detect vasopressin in the marmoset testis (not shown). Taking all the results together would therefore support a local synthesis of OT within the Leydig cells of the marmoset monkey. This finding is in very good agreement with results in rats [28] , cattle [29] , humans [30] , marmosets [31] , and two marsupial species [32, 33] , although, except for the study in the bull [29] , none of these previous investigations showed more than the immunohistochemical presence of a single OT-associated epitope. In some sections examined in the present study, very weak immunoreactivity was detected for both OT and neurophysin also in the Sertoli cells of the marmoset testis. Although this is presumably not quantitatively significant, it is interesting to observe that weak Sertoli cell OT immunoreactivity has also been observed in the bull [29] . More especially, in bulls [29] and in mice expressing a bovine OT transgene [34] , Sertoli cells appear to be a site of significant OT gene expression. It has been suggested that this reflects a complement of trans-acting factors in Sertoli cells similar to those functioning in luteinizing ovarian granulosa cells [29, 34] , where in the cow the OT gene is very highly up-regulated. Furthermore, both in the sheep [35] and in the rat [36] there is indirect evidence for a low-level source of OT within the seminiferous tubules.
OTRs in the marmoset testis appear to be present only on the Leydig cells. This also confirms what has been demonstrated by receptor autoradiography in the rat [37] and also by OT stimulation of cultured Leydig cells in the rat [16, 38] . It has been shown previously that the myoid cells encompassing the seminiferous tubules of the rat could be stimulated to contract by exogenous OT [17, 18] . However, the present findings as well as those of others suggest that these effects of OT were probably due to a cross reaction of the hormone with Vla receptors on the myoid cells [37, 39] .
Thus the present study shows that within the testis of the marmoset monkey, and probably also in other mammalian species, there is a significant autocrine/paracrine oxytocinergic system operating in the Leydig cell compartment. Cell culture studies for rat Leydig cells have shown that exogenously applied OT can modulate the production of androgens, and, in particular, the conversion of testosterone to dihydrotestosterone by the 5ot-reductase enzyme [15] . Whether the Sertoli cell produces physiologically relevant amounts of OT is a completely open question, as is any intratubular role for this nonapeptide hormone.
The immunohistochemical study of the juvenile testis in the marmoset suggests that both OT expression and OTR expression appear during puberty. The detection of both components only in the oldest of these juveniles, at a time when the first wave of spermatogenesis is underway but not completed, is in good agreement with what is known about the developmental regulation of testicular OT in the ram [40] . Although prepubertal marmoset testes possess a rich complement of Leydig cells [41] , these evidently do not express a local OT system.
The epididymis has been implicated as a tissue involved in a local OT physiology. Ejaculation appears to be accompanied by a systemic pulse of OT in the bull [42] and human [12] , presumably acting via smooth muscle cells of part of the male tract; and injection of an OT bolus shortly before electroejaculation increases the number of sperm in the first ejaculate in bulls [43] . Furthermore, membrane preparations of porcine epididymis and vas deferens have been shown to have pharmacologically defined OTRs [44] . However, it is implied that these receptors are responding to a pulse of OT released from the posterior pituitary. Locally, immunological techniques have identified OT peptide in principal cells of the epididymis in the sheep [35, 45] . However, neurophysin was not detected, and it was presumed that the OT-like material was not being made within the tissue [45] . The present study in the marmoset indicates the presence of low levels of OTR mRNA in the epididymis, presumably derived from the myoid cells surrounding the tubular epithelium, where positive OTR immunoreactivity is observed. Apart from a very weak OT mRNA signal in one epididymis only, there was no evidence for local production of the OT peptide, implying therefore that the receptors are most likely to be targeted by circulating ligand.
OT has been detected in human seminal fluid [13] . From the foregoing it is evident that this OT is unlikely to be derived from the testis or epididymis. It has been suggested that the prostate is the principal source of seminal OT, and OT has been shown to be present in tissue extracts of the rat, human, and dog prostate gland [46] as well as immunohistochemically in a marsupial species, the bandicoot [32] . RT-PCR has also indicated the presence of OT mRNA in human prostate (R. Ivell, unpublished results). OT has been shown to influence contractility of the prostate for the guinea pig, rat, human, and dog [47] . More particularly, OT has been shown to influence prostate growth in the rat [48] and dog [46] and Sa-reductase activity in the same species [46] . However, the present investigation implies for the marmoset monkey that OT is not produced within the prostate or in seminal vesicles or the bulbourethral gland. Neither OT nor neurophysin immunoreactivity, nor OT mRNA, was observed with use of a sensitive RT-PCR assay. Nevertheless, OTRs are located in myoid-like cells encompassing the basal region of the bulbourethral glandular lobules and close to the base of the secretory epithelium in the prostate. Since there does not appear to be any local OT within the marmoset male accessory glands, it seems most likely that these receptors are being targeted in vivo by systemic OT, presumably of pituitary origin. If, as other studies have suggested, a pulse of pituitary OT accompanies ejaculation, then the prostatic receptors, together with those on the myoid cells in other regions of the male tract, would probably respond in concert to cause an excretion of fluid into the seminal compartment.
(Washington), and Prof. Dr. J.J. Legros (Liege) for the generous gift of antibodies; Dr. R. Bathgate (Hamburg) for very helpful advice and discussion; Prof. Dr. J.K. Hodges (Gdttingen) for providing excellent primate research facilities; and Prof. Dr. G. AumUller (Marburg) for help with the morphological characterization of the tissues.
